RNA polymerase II-associating protein 74 (RAP74) is the large subunit of transcription factor IIF (TFIIF), which is essential for accurate initiation and stimulates elongation by RNA polymerase II. Mutations within or adjacent to the ␣1 helix of the RAP74 subunit have been shown to decrease both initiation and elongation stimulation activities without strongly affecting the interactions of RAP74 with the RAP30 subunit or the interaction between TFIIF and RNA polymerase II. In this manuscript, mutations within the ␣1 helix are compared with mutations made throughout the neighboring conserved N-terminal domain of RAP74. Changes within the N-terminal domain include disruptions of specific contacts with the ␣1 helix, which were revealed in the recently published x-ray crystal structure (Gaiser, F., Tan, S., and Richmond, T. J. (2000) J. Mol. Biol. 302, 1119 -1127) . Contacts between the ␤4-␤5 loop and the ␣1 helix are shown to be largely unimportant for ␣1 helix function. Other mutations throughout the N-terminal domain are consistent with the establishment of the dimer interface with the RAP30 subunit. The RAP74-RAP30 interface is important for TFIIF function, but no particular RAP74 amino acids within this region have been identified that are required for TFIIF activities. The molecular target of the ␣1 helix remains unknown, but our studies refocus attention on this important functional motif of TFIIF.
TFIIF 1 appears to be an ␣␤ heterodimer of RAP74 and RAP30 subunits, and previous reports that TFIIF may be an ␣ 2 ␤ 2 heterotetramer are not supported by the x-ray crystal structure (1) . Although not evident from primary sequence, RAP74 and RAP30 subunits are structurally similar, with an intricate series of N-terminal␤-sheets that form a RAP74-RAP30 dimer interface. RAP74 and RAP30 also have similar C-terminal regions with winged helix-turn-helix structures (2, 3) . The larger size of the human RAP74 subunit can be attributed to an extensive loop rich in Gly, Pro, Ser, Thr, and charged residues separating more structured N-and C-terminal domains (4, 5) .
TFIIF is an RNA polymerase II-specific transcription factor restricted to the eukaryotic kingdom. Fig. 1 , therefore, shows an amino acid sequence alignment of the N-terminal regions of several RAP74 homologues spaced throughout eukaryotic evolution. Beneath the alignment, the primary sequence is correlated with regions of secondary structure. Regions of ␣-helix and ␤-sheet are derived from the crystal structure of human TFIIF (1) or else from secondary structure predictions (6 -9) in the regions where structural information is not available. The x-ray crystal structure indicates a unique dimer interface made up of RAP74 ␤-sheets ␤1, ␤2, ␤3, ␤6, ␤7, ␤8, and the corresponding ␤-sheets in RAP30. The ␤4 and ␤5 sheets of RAP74 interact to form the structured base of a loop that diverges from the dimer core. In the crystal structure, the RAP74 ␣1 helix makes intimate contacts with the ␤4 and ␤5 sheets.
The ␣1 helix has been shown previously to be highly sensitive to mutation (10, 11) . Several single amino acid changes, particularly in hydrophobic residues, cause significant defects in both accurate initiation and elongation. Because of symmetrical effects on initiation and elongation, ␣1 should function by contacting a molecular target common to both processes, which would implicate RNA polymerase II, TFIIF, and DNA as the most likely targets. Mutations in ␣1 do not appear to affect interaction with the RAP30 subunit, and no RAP30 contacts are identified for ␣1 in the crystal structure (1) . As far as can be discerned, ␣1 mutations do not have an effect on assembly of gel-shifted preinitiation complexes that include the TATAbinding protein (TBP), TFIIB, RNA polymerase II, and TFIIF (10) . Therefore, if the molecular target of ␣1 is RNA polymerase II, the ␣1 contact is not critical for TFIIF binding, and, from the TFIIF structure, ␣1 does not appear to contact RAP30. Particularly sensitive residues within or adjacent to ␣1 include Leu-155, Trp-164, Asn-172, Ile-176, and Met-177. Substituting any of these residues with alanine, which is a change consistent with maintaining the ␣-helical structure, significantly reduces accurate initiation and elongation stimulation without apparent effects on known protein-protein contacts (10, 11) .
Before the availability of the x-ray crystal structure, our laboratory began a systematic mutagenic analysis of conserved regions within the N-terminal domain of RAP74. When the structure became available, additional mutations were made within regions observed to contact the ␣1 helix. In the current work, the effects of mutations within the neighboring N-terminal domain are compared with the effects of mutations within ␣1.
EXPERIMENTAL PROCEDURES

RAP74 Mutagenesis and Reconstitution of Recombinant TFIIF-A-
mino acid substitution mutants were constructed using the Stratagene QuikChange Mutagenesis kit. Primers were designed to incorporate 2-4 clustered, site-directed substitutions via polymerase chain reaction from a pET21a plasmid (Novagen) encoding wild type RAP74 fused to a C-terminal His 6 tag. Wild type and mutant proteins were purified by Ni 2ϩ -affinity chromatography, and the TFIIF complex was reconstituted as described (12, 13) . Substitution mutations were either multiple alanine replacements or radical charge reversals. The 14 Initiation Assays-In vitro transcription assays were done essentially as described (10) . An extract of human HeLa cell nuclei (cells purchased from the National Cell Culture Center, Minneapolis, MN) served as a source of transcription factors. TFIIF was removed from the extract by immunoprecipitation with anti-RAP74 and anti-RAP30 antibodies (5) . Activity was reconstituted by the addition of wild type (wt) or mutant human recombinant TFIIF. The buffer for transcription reactions consisted of 12 mM HEPES (pH 7.9), 12% (w/v) glycerol, 0.12 mM EDTA, 0.12 mM EGTA, and 1.2 mM dithiothreitol and contained 60 mM KCl and 12 mM MgCl 2 . The template for transcription was plasmid pML, carrying the adenovirus major late promoter from position Ϫ258 to ϩ196. The template was digested with SmaI endonuclease at position 217 relative to the transcription start site. 10 pmol of recombinant wt or mutant TFIIF extract and 0.8 g of DNA template were combined in a 20-l volume and incubated for 60 min at 25°C. Transcription was initiated with 100 M ATP, 100 M CTP, and 5 Ci of [␣-32 P]UTP (800 Ci per mmol) for 1 min. After pulse labeling, reactions were chased for 30 min with 1 mM each ATP, CTP, GTP, and UTP in the presence of 0.25% Sarkosyl. We find that Sarkosyl treatment increases the yield of full-length transcripts, apparently by blocking factors in the extract that induce pausing and/or termination (11, 14) . Reactions were stopped by adding 80 l of stop solution (10 mM Tris-HCl, pH 7.9, 20 mM EDTA, and 0.5% sodium dodecyl sulfate containing 40 g of yeast tRNA per reaction). After extraction with phenol/chloroform and precipitation with ethanol, samples were resuspended in 80% formamide gel loading dye, boiled 2 min, and electrophoresed in a 6% polyacrylamide gel containing 50% (w/v) urea and Tris borate/EDTA buffer. Band intensities were quantitated using an Amersham Biosciences Phosphor-Imager. Initiation activities are reported as percent of wild type, with each value representing the average of triplicate measurements and error bars reflecting the standard deviation ( Fig. 4) .
Elongation Assays-Elongation assays were done as described previously (11) . The source of transcription factors was an extract derived from human HeLa cells. Bead-immobilized U20 templates were synthesized by polymerase chain reaction amplification from the pML20 -42 template (15) using an upstream biotinylated primer and immobilized on streptavidin-coated MagneSphere paramagnetic beads (Promega). The C40 DNA is identical to U20, except that C40 has an additional 20-base extension in the CU cassette immediately downstream of the adenovirus major late promoter ( 1 ACTCTCTTCCCCTTCTCTTTCCT-TCTCTTCCCTCTCCTCCAAAGGCCTTT 50 ). The U20 or C40 bead template and extract were combined and incubated for 60 min at 25°C. Transcription was extended to U20 or C40 with a 10 min pulse with 20 M dATP, 1 mM ApC dinucleotide, 100 M UTP, and 5 Ci of [␣-32 P]CTP. Complexes were then washed twice with 500 l of transcription buffer containing 1% Sarkosyl, 0.5 M KCl, and 0.003% Nonidet P-40 to remove nascent elongation and termination factors and twice with 500 l of transcription buffer containing 60 mM KCl but lacking MgCl 2 . Beads were collected with a magnetic particle separator. Complexes were resuspended in an appropriate volume of transcription buffer containing 60 mM KCl and 12 mM MgCl 2 and aliquoted into individual 15-l samples. 10 pmol of wt or mutant TFIIF was added to the reaction mixtures, with transcription buffer added in the no factor control. Elongation was continued from U20 or C40 by the addition of 1 mM each ATP, CTP, UTP, and GTP. Reactions were stopped at 5, 10, 20, or 40 s by the addition of 50 l of 0.5 M EDTA. Beads were collected with a magnetic particle separator, and the supernatant was removed. Beads were resuspended in 10 l of 80% formamide gel-loading buffer, boiled 5 min, and supernatant loaded into a 9% polyacrylamide gel containing 50% (w/v) urea and Tris borate/EDTA buffer. Gel images were visualized using an Amersham Biosciences PhosphorImager.
Running Start, Two-bond Elongation Assay-C40 elongation complexes initiated from the adenovirus major late promoter were prepared on bead templates as described above. Each 10-l reaction contained C40 complexes in transcription buffer containing 12 mM MgCl 2 . Reactions were incubated with 12 pmol of wt TFIIF, I176A TFIIF, or buffer for 20 -60 min in the presence of 20 M CTP and UTP. The time varies because of the time required to process individual samples using the KinTek Rapid Chemical Quench-Flow instrument (RQF-3). 10 l of 200 M ATP (100 M working concentration) was added in transcription buffer for 30 or 120 s to extend the elongation complex to the A43 position. The time of ATP addition was 30 s in the presence of wt TFIIF, 120 s in the presence of I176A, and 120 s in the absence of the elongation factor. For each protocol, times for ATP addition were optimized for conversion of the C40 complex to A43 and for the efficiency and consistency of subsequent elongation to G44 and G45. After about 20 s the efficiency of elongation from A43 reaches a steady state that is maintained for several minutes; thus, samples processed with different ATP pulse times can be compared. During the short incubation with ATP, 15 l of the reaction mix was rapidly injected into the left sample port of the KinTek RQF-3 instrument. Initiation of the reaction induces mixing of the sample with 15 l of 500 M GTP, which was previously loaded into the right sample port of the RQF-3 instrument (250 M GTP working concentration). Reactions were quenched with 0.5 M EDTA at the times indicated. Beads were collected with a magnetic particle separator and resuspended in formamide gel loading dyes. Samples were electrophoresed in 16% polyacrylamide gels containing 50% (w/v) urea and analyzed as described above. Recovery of samples was sometimes variable; therefore, for each sample lane the sum of all transcripts generated from A43 was determined as 100%. (22, 23) , Caenorhabditis elegans (Ce) (AAB00717), Arabidopsis thaliana (At) (NP192998), Schizosaccharomyces pombe (Sp) (T41039) and Saccharomyces cerevisiae (Sc) (24, 25) . Secondary structures from human RAP74 are indicated below the sequences. Not all of the ␣1 helix is represented in the crystal structure (1), so the full extent of the helix is predicted from PHD secondary structure analysis (6 -9) . Asterisks identify amino acids substituted in this study; downward arrows indicate critical amino acids in ␣1. Black shading indicates identity with the human sequence, and gray shading indicates similarity.
RESULTS
Radical Mutagenesis of the N-terminal Domain of Human
1-227 C-terminal truncation, because it was previously known that RAP74 (1-227) has near wild type activity in most in vitro assays (10, 11, 14) . All other mutations were made in fulllength RAP74-(1-517), including a large internal deletion, ⌬56 -93, described below.
Mutants were tested for accurate initiation activity in a HeLa cell extract that was depleted of TFIIF by immunoprecipitation with anti-RAP30 and anti-RAP74 antibodies (Fig. 2 ). Accurate initiation activity was restored by the addition of human recombinant TFIIF. NTPs were then added in a pulsechase protocol in which Sarkosyl is added during the chase to block premature termination and also re-initiation (11, 14) . Sample initiation data are compared for wild type TFIIF, two mutants ( 89 KEFR 92 3 89 AAAA 92 and ⌬56 -93) in which specific contacts between the ␤4-␤5 loop and the ␣1 helix are disrupted, and a critical and representative mutant within ␣1 (W164A). The 89 KEFR 92 3 89 AAAA 92 mutation eliminates all close contacts with Trp-164 observed in the x-ray crystal structure ( Fig.  2B ), yet 89 KEFR 92 3 89 AAAA 92 demonstrates near wild type activity in initiation, whereas the ␣1 mutation W164A has a much more severe defect ( Fig. 2A) . Clearly, eliminating strong contacts between the ␤4-␤5 loop and ␣1 does not have as great an effect on transcription as making a critical substitution in ␣1, indicating that the ␤4-␤5 loop is not the functional molecular target of the ␣1 helix or a necessary participant in ␣1 function. In the ⌬56 -93 mutation, the entire ␤4-␤5 loop was removed. This alteration produces a significant defect in initiation (56% wt), but one that is not quite so severe as the W164A mutation (30% wt).
TFIIF stimulates the average rate of elongation by RNA polymerase II about 5-6-fold ( Fig. 3) (11, 16, 17) . Using bead templates, transcription was initiated from the adenovirus major late promoter in the presence of dATP, ApC dinucleotide, [␣-32 P]CTP, and UTP to synthesize U20 or C40 elongation complexes (RNAs are 20 nucleotides long ending in a 3Ј-UMP (U20) or 40 nucleotides long and ending in a 3Ј-CMP (C40)). Elongation complexes were then stripped of elongation and termination factors with Sarkosyl and salt. After re-equilibration with transcription buffer, recombinant TFIIF was added back to reactions, and elongation was continued with 1 mM each NTP for 5, 10, 20, or 40 s. In Fig. 3 , some strongly paused C40 complexes remain at the C40 position, but most C40 complexes move forward as a fairly synchronous zone of transcripts. No C40 complexes appear to be arrested, as all advance within 2 min (see Fig. 5 ). The midpoint of the zone was approximated, as indicated by the black dots in Fig. 3A . The average elongation rate was then determined as the slope of the average transcript length plotted against the time of transcript extension (Fig. 3B) . The average rate of RNA polymerase II elongation is determined to be more than 5-fold as fast in the presence of wt TFIIF as compared with its absence. A single amino acid change in the ␣1 helix (I176A) produced a protein with only about twice the average elongation rate of RNA polymerase II in the absence of factor, demonstrating the severe elongation defect of ␣1 mutations but confirming that I176A TFIIF interacts with and stimulates the RNA polymerase II elongation complex (10, 11) . Significantly, however, the 89 KEFR 92 3 89 AAAA 92 and even the large ⌬56 -93 deletion score as wild type in elongation stimulation activity. Despite tight packing of ␣1 to ␤4 and ␤5 in the crystal structure, the molecular target of ␣1 during elongation cannot be the ␤4-␤5 loop, which is damaged or removed in these mutants.
In Fig. 4 , initiation and elongation data are shown for a large number of TFIIF mutations within the N-terminal region. Deletion of amino acids 1-28 from the N terminus of RAP74 (29 -227) causes a severe defect in both initiation and elongation. Surprisingly, further deletion to create RAP74-(62-227) was not quite so defective in initiation or elongation. Because the larger deletion was not expected to be more active, clones and proteins were reconfirmed. Apparently, both deletions damage the RAP74-RAP30 dimer interface, but the 29 -227 fragment may have a more awkward conformation, causing its greater transcriptional defects. Results with these deletion mutations attest to the expected importance of the unique RAP74-RAP30 dimer interface in maintaining TFIIF conformation. Some other mutants, such as triple alanine substitutions 98 WLL 100 3 98 AAA 100 and 124 YYI 126 3 124 AAA 126 , have significant defects in transcription, but these mutations are not quite as severe as single alanine substitutions within or immediately adjacent to ␣1 (L155A, W164A, N172A, I176A, and M177A). The defects of 98 WLL 100 3 98 AAA 100 and 124 YYI 126 3 124 AAA 126 in initiation might be attributed to defects in the RAP74-RAP30 dimer interface and to resulting defects in the transcription complex assembly. Indeed, 98 WLL 100 3 98 AAA 100 and 124 YYI 126 3 124 AAA 126 both show defects in the assembly of a TBP-TFIIB-RNA polymerase II-TFIIF complex (data not shown). 98 WLL 100 3 98 AAA 100 shows no defect in elongation stimulation, although it has a significant defect in initiation. Many multiple alanine substitutions and some multiple radical charge reversals show little effect on transcription. Apparently, most of the function of the RAP74 N terminus (amino acids 1-120) can be accounted for by a role in forming the RAP74-RAP30 dimer interface, as indicated by the crystal structure.
The ␤4-␤5 loop is the most prominent feature of the Nterminal domain of RAP74 that diverges from the dimer interface, and this structure may have a subtle role in initiation that does not appear to be important for elongation. In the crystal structure, the ␤4-␤5 loop interacts with ␣1, but, as we argue above, ␤4-␤5 cannot be the functional molecular target of ␣l. However, the loop charge reversal mutant 80 RRKK 83 3 80 EEEE 83 and loop deletion ⌬56 -93 have only about 60% wt activity in initiation, although they show approximate wt activity in elongation. It is possible, therefore, that the ␤4-␤5 loop functionally contacts one of the general initiation factors not present in the Sarkosyl-washed elongation complex.
Analysis of an ␣1 Mutant-Relating the TFIIF crystal structure to our functional analysis of RAP74 mutants refocused our attention on the ␣1 helix. In Fig. 5 , rates for RNA polymerase II elongation are compared in the presence of wt TFIIF, I176A TFIIF and in the absence of elongation factor. The protocol we employed is referred to as a "running start, two-bond" elongation assay. The running start was necessary to measure the most rapid elongation rates, and two bonds were monitored because rates of G44 and G45 synthesis yield distinct information. 2 A kinetic lag in the first appearance of G45, for instance, indicates a slow step that occurs after formation of the G44 bond but before rapid formation of the G45 bond can commence.
C40 elongation complexes were formed on bead templates and washed with Sarkosyl as described above. C40 complexes were incubated with 12 pmol TFIIF and 20 M CTP and UTP. The running start is initiated by adding 100 M ATP for 30 or 120 s to advance C40 to the A41, A42, and A43 positions. The time of ATP incubation was 30 s with wt TFIIF, 120 s with I176A TFIIF, and 120 s with no factor. For each protocol the ATP pulse time was optimized for conversion of C40 to A43. With time delays from 20 s to several minutes, A43 complexes are extended efficiently, so the 30 and 120 s stall times repre-2 Y. A. Nedialkov, X. Q. Gong, and Z. F. Burton, unpublished data.
FIG. 4. Comparison of mutations in the N-terminal domain to mutations in ␣1.
Accurate initiation assays were done as in Fig. 2 , and elongation stimulation assays as in Fig. 3 . Initiation assays were done at least in triplicate and are reported as average Ϯ S.D. Elongation assay results for ␤4-␤5 loop mutants, 89 KEFR 92 3 89 AAAA 92 (89-KEFR 3 AAAA) and ⌬56 -93, are highlighted by striped bars. ␣1 mutation (I176A) . A running start, two-bond elongation assay was done through the RNA sequence 40 CAAAGGCCUUU 50 to monitor rates of G44 and G45 synthesis using a KinTek Rapid Chemical Quench-Flow instrument. Purified C40 elongation complexes were advanced to A43 by addition of 100 M ATP for 30 s (wt TFIIF) or 120 s (I176A TFIIF or no factor). 250 M GTP was then added for the indicated times, and reactions were quenched. A, gel data comparing elongation by wt TFIIF (lanes 1-12) , I176A TFIIF (lanes [13] [14] [15] [16] [17] [18] [19] [20] [21] and no factor (lanes 22-29) . sent a reasonable comparison between samples. During the ATP pulse, complexes were quickly transferred into the sample port of the KinTek Rapid Chemical Quench-Flow instrument and then mixed with 250 M GTP, allowing further extension to G44, G45, and longer products for the times indicated.
FIG. 5. Elongation defect of an
TFIIF stimulates the rates of G44 and G45 synthesis (Fig.  5A ). Furthermore, TFIIF accelerates a slow step that occurs after chemistry in the transition between one bond and the next. In the presence of wt TFIIF the following events occur. 1) A significant burst of G44 synthesis is observed at 0.002 s. 2) The peak of G44 accumulation is observed at about 0.02 s. 3) The first appearance of G45 is observed at 0.05 s. 4) The peak of G45 accumulation is observed at 0.1-0.5 s. There appears to be a delay in the first appearance of G45, because G44 is present from the very earliest time points; but the first appearance of G45 is delayed until 0.02-0.05 s. Therefore, the most rapid synthesis rates for the G44 bond must be faster than the most rapid synthesis rates for G45. If this were not the case, the first appearance of G45 would be expected by the 0.005 to 0.01 s time points, at which no G45 is detectable (Fig. 5A; lanes  3-6) . The delay in the first appearance of G45 provides evidence for a slow step after phosphodiester bond formation. 2 In the presence of TFIIF carrying the deleterious I176A mutation in the RAP74 subunit or in the absence of TFIIF, the following events occur. 1) The rates of G44 synthesis are slowed. 2) The rates of G44 disappearance are slowed.
3) The first appearance of G45 is delayed.
Quantification of the gel data ( Fig. 5 , B-D) supports these conclusions and yields further insight into wt TFIIF function and I176A TFIIF defects. Fig. 5B shows the rates of escape from the A43 position. In the presence of wt TFIIF, about 60% of A43 complexes extend rapidly to G44 (within 0.1 s), indicating that these A43 complexes were poised on the active synthesis pathway. On the other hand, about 40% of A43 elongation complexes are strongly paused when GTP is added, but all of these complexes advance within 120 s (Fig. 5A, lanes 11 and  12) . TFIIF wt stimulates a much faster rate of A43 disappearance than observed in the absence of an elongation factor (Fig.  5B) , indicating, as others have noted (16, 18, 19) , that TFIIF suppresses pausing. The I176A mutant does not support the pause-suppression function of TFIIF and instead supports elongation rates similar to those observed in the absence of an elongation factor (Fig. 5B ). Fig. 5C shows passage of elongation complexes through the G44 position. TFIIF wt increases the rate of appearance and dramatically enhances the rate of disappearance of G44. By contrast, the I176A mutant supports a G44 synthesis rate that is significantly slower than wild type TFIIF and similar to elongation in the absence of factor. I176A TFIIF, however, does stimulate overall elongation rates ( Figs.  3 and 4) and, in the running start assay, the mutant is observed to facilitate escape from the G44 position when compared with RNA polymerase II in the absence of the elongation factor (Fig.  5A, lanes 19 -21 and 27-29; Fig. 5C ). Wild type TFIIF strongly stimulates the G45 synthesis rate and decreases the time for the first G45 appearance (Fig. 5D ). The kinetic lag in the G45 appearance is less than 0.05 s in the presence of wt TFIIF, but this lag is 0.05-0.1 s in the presence of I176A or in the absence of elongation factor. The lag in first G45 appearance reflects a slow step between formation of one bond and the next that occurs after phosphodiester bond formation and is regulated by TFIIF. 2 In the running start protocol, this slow step is clearly observed in the first appearance of G45 but is not observed in G44 synthesis rates, because this slow step is complete after the 30 or 120 s delay at A43. In the presence of TFIIF, RNA polymerase II negotiates the slow transition between bonds efficiently. In the presence of I176A TFIIF, this transition becomes much more challenging for RNA polymerase II (Fig.  5A, compare lanes 6 -8 with lanes 17-19; Fig. 5D ). In the absence of factor, the transition is also slow, further demonstrating regulation of this slow step between bonds by TFIIF. DISCUSSION A large number of radical amino acid substitutions were introduced in the conserved N-terminal domain of human RAP74 without clear identification of particularly interesting new mutants. It appears that most functional outcomes induced by N-terminal domain mutations are accounted for by damage to the RAP74-RAP30 dimer interface. The ␤4-␤5 loop of RAP74, however, diverges from the dimer core and packs tightly with the ␣1 helix in the crystal structure. This is an intriguing association, because ␣1 was previously shown to be important for both initiation and elongation (10, 11) . Surprisingly, however, ␤4-␤5 and the intervening loop do not appear to participate in ␣1 function, because radical damage to the ␤5-␣1 interaction ( 89 KEFR 92 3 89 AAAA 92 ) or complete removal of ␤4-␤5 and the intervening loop (⌬56 -93) did not have as severe defects in initiation or elongation as critical point mutations in ␣1 (L155A, W164A, N172A, I176A, and M177A). Therefore, we conclude that the close association of the ␤4-␤5 loop and ␣1 seen in the x-ray crystal structure does not represent the form of ␣1 that is active in initiation and elongation of RNA chains.
On the other hand, interaction with the ␤4-␤5 loop could modulate ␣1 function. For instance, binding to ␤5 may shelter the otherwise exposed tryptophan W164 when ␣1 is not bound to its transcriptional target (Fig. 2B) . We, therefore, suggest a regulatory role for the ␤4 and ␤5 interaction with ␣1. We further suggest that ␣1 must free itself of contact with the ␤4-␤5 loop while participating in transcription. We note that the ⌬56 -93 deletion is somewhat defective in supporting initiation, perhaps indicating interaction of the loop with another initiation factor. Because the defect of ⌬56 -93 in initiation approximates the defect of a radical charge reversal mutant in the loop between ␤4 and ␤5 ( 80 RRKK 83 3 80 EEEE 83 ), elimination of 80 RRKK 83 in ⌬56 -93 could account for its initiation defect (Fig. 4 ). It may be that participation of the ␤4-␤5 loop in the proper assembly of the preinitiation complex results in freeing the ␣1 helix for its roles during initiation and elongation.
Because substitution with alanine is consistent with maintaining ␣-helical structures (20, 21) , critical substitutions within ␣1 (L155A, W164A, N172A, I176A, and M177A) are unlikely to disrupt local protein secondary structure. Furthermore, these critical substitutions do not appear to affect major interactions with RAP30 or the preinitiation complex (10, 11) . We suggest, therefore, that L155, W164, N172, I176, and M177 may be directly involved in contacting a common molecular target in initiation and elongation complexes. Each of these proposed contacts appears to be of critical importance, because L155A, W164A, N172A, I176A, and M177A all have approximately the same defect in initiation and elongation as an eightamino acid deletion within ␣1 (⌬170 -177) (10, 11) .
The current work fails to identify the molecular target for ␣1, although the ␤4-␤5 loop was implicated by the crystal structure. It has been argued that the target of ␣1 must reside in TFIIF, RNA polymerase II, or template DNA, because these are the components in common comparing initiation and elongation complexes, and mutations in ␣1 have similar defects in initiation and elongation (10, 11) . To date, no contacts to other regions within TFIIF can be identified for ␣1 that appear to participate in its transcriptional functions. Furthermore, TFIIF carrying critical lesions in ␣1 binds to RNA polymerase II and forms a preinitiation complex of TBP, TFIIB, and RNA polymerase II with no apparent alteration of complex mobility in gels or defect in assembly even at low TFIIF concentrations. Thus, if ␣1 targets RNA polymerase II, this interaction does not appear to be necessary for tight TFIIF-RNA polymerase II binding or complex assembly (10) . Perhaps ␣1 targets DNA in initiation and elongation complexes, although no clear demonstration of this hypothesis is yet available. It appears from this study and from the crystal structure that ␣1 must be freed from tight contact with the ␤4-␤5 loop to swing on a flexible pivot to target a specific region of RNA polymerase II or template DNA. In this regard, it is interesting to compare ␣1 helices from different organisms. In every case, PHD secondary structure prediction indicates that these regions are extended ␣-helices, although the primary sequences are somewhat divergent (Fig. 1) .
These studies have refocused our attention on ␣1 of RAP74 as an important functional motif in transcriptional mechanisms. As a preliminary step, we have compared a critical ␣1 mutant (I176A) to wt TFIIF in a running start, two-bond transcriptional elongation assay. Our results suggest that TFIIF stimulates escape from paused complexes and also accelerates a slow step that follows phosphodiester bond formation. Further investigation will be required to fully characterize the multiple effects of TFIIF on elongation and the severe defects of ␣1 mutants.
